tm3(cre)Bhr/þ mice were sterile because of testicular atrophy starting at 5 wk of age, associated with degeneration of seminiferous tubules and the progressive loss of germ cells. Although Cre activity was expected in Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ Leydig cells, no evidence of Cre-mediated recombination of the floxed allele or of WNT/ CTNNB1 pathway activation could be obtained, and testosterone levels were comparable to age-matched controls, suggesting that genetic recombination was inefficient in Leydig cells. Conversely, sustained WNT/CTNNB1 pathway activation was obtained in Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ Sertoli cells. The latter often exhibited morphological characteristics suggestive of incomplete differentiation that appeared in a manner coincident with germ cell loss, and this was accompanied by an increase in the expression of the immature Sertoli cell marker AMH. In addition, a poorly differentiated, WT1-positive somatic cell population accumulated in multilayered foci near the basement membrane of many seminiferous tubules. Together, these data suggest that the WNT/CTNNB1 pathway regulates Sertoli cell functions critical to their capacity to support spermatogenesis in the postnatal testis.
INTRODUCTION
The Wingless-related MMTV integration site (Wnt) gene family encodes a large number of secreted signaling glycoproteins that are involved in many biological processes including embryonic development [1, 2] , adult tissue homeostasis [3] , maintenance of progenitor cell types [4] , and cell fate determination and differentiation [5] [6] [7] . WNT signal transduction can occur via at least three distinct pathways, the best characterized of which being referred to as the WNT/CTNNB1 or canonical pathway. The key effector of this pathway is CTNNB1 (b-catenin), a multifunctional protein that plays roles in signaling as well as in cell-cell adhesion. In the resting state, the cytoplasmic pool of CTNNB1 resides in a large multiprotein complex, where it is rapidly phosphorylated, ubiquitinated, and degraded by the proteosome. On activation of the canonical WNT pathway, CTNNB1 escapes the multiprotein complex in an unphosphorylated state and translocates to the nucleus, where it associates with various transcription factors to modulate the transcriptional activity of various target genes [1, 8, 9] .
The expression of several WNTs, including WNT1, WNT3, WNT4, and WNT7A, has been reported in the adult or developing testis [10] [11] [12] [13] , along with the canonical WNT signaling pathway components Frizzled 9 (FZD9) [14] , Naked cuticle 1 (NKD1), and CTNNB1 [15] . While these findings suggest that WNT signaling could play roles in several testicular processes, to date few studies of WNT function in the testis have been reported. WNT1 is expressed in male germ cells, but functional assays have suggested that it is not essential for spermatogenesis [11] . More recently, Li et al. [15] demonstrated that mice bearing a null mutation of the WNT signaling antagonist Nkd1 feature decreased testis weights and lower numbers of haploid spermatids, indicating that WNT signaling in germ cells must be repressed at a certain step of germ cell development for spermatogenesis to occur normally.
WNT4 function has been more extensively studied in the testis and has been shown to be required for normal testis development. Specifically, a lack of WNT4 in a knockout mouse model was found to compromise Sertoli cell differentiation and to increase the number of steroidogenic cells during embryogenesis [10] . Unfortunately, WNT4 knockout mice die shortly after birth because of developmental kidney defects, precluding functional analyses in the postnatal testis [16] . Studies involving two different transgenic mouse models have shown that WNT4 overexpression disrupts the testicular vasculature [17, 18] . In one of these models, Leydig cell differentiation was not affected [18] , while in the other, a reduction in serum and testicular testosterone levels was observed, associated with a decrease in the expression of steroidogenenic acute regulatory protein (STAR) [17] . In vitro studies have suggested that WNT4 may act to repress STAR expression at the transcriptional level by antagonizing the synergy between CTNNB1 and the transcription factor steroidogenic factor 1 (NR5A1) and could therefore be a significant physiological regulator of testicular steroidogenesis [17] . While these converging lines of evidence suggest that WNT/CTNNB1 signaling could play critical roles in several cell types in the postnatal testis, no direct studies of testicular WNT/CTNNB1 pathway function have been reported thus far.
In this study, we aimed to elucidate the role of the WNT/ CTNNB1 pathway in the testis in vivo by inducing its constitutive activation in a transgenic mouse model. The effects of sustained WNT/CTNNB1 activity on Leydig and Sertoli cell functions were assessed.
MATERIALS AND METHODS

Animals and Sample Collection
Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ mice were derived from previously described Amhr2 tm3(cre)Bhr/þ and Ctnnb1 tm1Mmt parental strains, and genotyping was done by PCR as described [19, 20] . Blood samples were collected by cardiac puncture under anesthesia prior to euthanasia. Testosterone immunoassays were done on serum and whole testis homogenates at the Ligand Assay and Analysis Core within the Center for Research in Reproduction at the University of Virginia. Intra-assay coefficient of variability was ,6%. Testes for light microscopy histopathologic analysis were weighed, fixed in Bouins fixative for 24 h, rinsed and dehydrated in alcohol, and subsequently embedded in paraffin, sectioned, and stained with hematoxylin and eosin. Testes samples for toluidine blue staining and electron microscopy were fixed by cardiac perfusion under anesthesia and processed as previously described [21] . Gt(ROSA)26Sor tm1Sho ;Amhr2 tm3(cre)Bhr/þ mice were derived by mating Amhr2 tm3(cre)Bhr/þ and Gt(ROSA)26Sor tm1Sho (Jackson Laboratory, Bar Harbor, ME) strains. Gt(ROSA)26Sor tm1Sho ;Amhr2 tm3(cre)Bhr/þ testes were stained for GLB1 (b-galactosidase) expression using the Chemicon International Stain for Beta-Galactosidase Expression in Tissue kit as directed by the manufacturer (Bioscience Research Reagents, Temecula, CA). Stained testes were postfixed in Bouins fixative overnight, dehydrated in alcohol, embedded in paraffin, sectioned, and counterstained with eosin. All procedures were approved by the Institutional Animal Care and Use Committee and conformed to the USPHS Policy on Humane Care and Use of Laboratory Animals.
Immunohistochemical and Immunofluorescence Analyses
Immunohistochemistry was done on Bouins-fixed, paraffin-embedded, 7-lm tissue sections using VectaStain Elite avidin-biotin complex method kits (Vector Labs, Burlingame, CA) as directed by the manufacturer. Sections were probed with primary antibodies against germ cell nuclear antigen 1 (GCNA1) (a kind gift from Dr. George C. Enders, University of Kansas Medical Center, Kansas City), and staining was done using the 3,3
0 -diaminobenzidine peroxidase substrate kit (Vector Labs). For immunofluorescence experiments, testes were embedded in OCT compound (Sakura Finetek, Torrance, CA) and stored at À808C before the preparation of 3-lm sections that were fixed for 30 min in PBS-buffered 4% paraformaldehyde at room temperature and overnight in PBS-buffered 1% paraformaldehyde at 48C. Sections were labeled or doublelabeled with primary antibodies against CTNNB1 (Cell Signaling Technology, Danvers, MA, #9587, or BD Transduction Laboratory, Mississauga, ON, #610153), anti-Müllerian hormone (AMH), cytochrome P450, family 17, subfamily a, polypeptide 1 (CYP17A1), or Wilms tumor 1 (WT1) (Santa Cruz Biotechnology, Santa Cruz, CA, #sc-6886, sc-46081, and sc-846, respectively) in PBS/0.3% Triton X-100 overnight at 48C and subsequently probed with secondary Alexa Fluor 594 or 488-conjugated goat anti-rabbit, rabbit anti-goat, rabbit anti-mouse, or goat anti-rat IgG antibodies (Molecular Probes, Eugene, OR) for 1 h at room temperature. Slides were mounted using VectaShield with 4 0 ,6-diamidino-2-phenylindole (DAPI) (Vector Labs). 
Immunoblot Analysis
Proliferation Analysis
Cellular proliferation in testes of Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ and Ctnnb1 tm1Mmt/þ mice was assessed by BrdU incorporation analyses. Mice were injected intraperitoneally with 100 mg/kg body weight BrdU (Sigma, St. Louis, MO) and euthanized 3 h after the injection. Testes were fixed overnight in Bouins and processed as described previously. The BrdU-labeled DNA was detected with a monoclonal antibody against BrdU (Dako Corp., Carpinteria, CA, clone Bu20a) using VectaStain Elite avidin-biotin complex method kits as described previously.
Flow Cytometry Analysis
Testes from Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ and Ctnnb1 tm1Mmt/þ mice were perfused with M199 media (Gibco, Grand Island, NY) supplemented with 1 mg/ml collagenase (Sigma-Aldrich Canada Ltd., Oakville, ON) and 1.2 U/ml dispase (Sigma-Aldrich Canada Ltd.). Testes were then decapsulated and incubated at 378C for 30 min with shaking. On dissociation, the tubes were inverted several times and allowed to settle briefly, and the supernatant was collected. This process was repeated three times. Cells were then collected by centrifugation, resuspended in PBS-buffered 4% paraformaldehyde, fixed for testes. As indicated, a shorter RT-PCR product is produced from transcripts derived from the recombination of Ctnnb1. Control sample was a Ctnnb1 tm1Mmt/þ testis. Rpl19 was used as a housekeeping control gene.
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10 min, and chilled on ice. Cells were permeabilized with 100% ice-cold methanol, incubated on ice for 30 min, and counted using a hemacytometer; 500 000 cells were rinsed in PBS supplemented with 0.5% BSA (Sigma), blocked for 10 min at room temperature, probed sequentially with CYP17A1 antibody (Santa Cruz Biotechnology, #sc-46081) for 60 min and Alexa Fluor 488 rabbit anti-goat IgG antibody for 30 min, and analyzed on a FACSVantage SE flow cytometer (BD Bioscience, San Jose, CA).
RT-PCR and Semiquantitative RT-PCR
RT-PCR to detect Ctnnb1 expression and Ctnnb1 tm1Mmt allele recombination in FACS-sorted cells was done using the Superscript one-step RT-PCR kit WNT/CTNNB1 ACTIVATION CAUSES GERM CELL LOSS (Ctnnb1) of 948C for 30 sec, 558C for 1 min, 728C for 1 min. Preliminary experiments done for Cre, Rpl19, and Ctnnb1 ensured that the cycle numbers selected fell within the linear range of PCR amplification (data not shown). PCR products were separated by electrophoresis on 1.8% TAE-agarose gels containing ethidium bromide and photographed under UV light.
Statistical Methods
Effects of genotype on testosterone levels, testis weights, CYP17A1-positive cell numbers, and total Leydig cell numbers were analyzed by unpaired, two-tailed t-tests. P-values lower than 0.05 were considered statistically significant. Analyses were done using Prism 4.0a software (GraphPad Software, Inc., San Diego, CA).
RESULTS
Ctnnb1
tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ Mice Are Sterile
Due to Degeneration of the Seminiferous Tubules and Germ Cell Loss
To study the role of WNT/CTNNB1 signaling in the testis, a strategy was devised to constitutively activate the pathway in Sertoli and Leydig cells. Amhr2 tm3(cre)Bhr mice, which feature the Cre transgene knocked in to the anti-Müllerian hormone type 2 receptor (Amhr2) locus [22] , were crossed with the 
Ctnnb1
tm1Mmt strain that carries a Ctnnb1 allele whose third exon is flanked by loxP sites. On recombination, the Ctnnb1 tm1Mmt allele produces a mutant CTNNB1 protein that, although still functional, lacks a series of phosphorylation sites that are required for its degradation, resulting in its inappropriate accumulation and translocation to the nucleus [19] . Although the Amhr2 tm3(cre)Bhr allele has been previously reported to drive Cre expression mainly in Leydig cells [23] , the present study found that it also effectively targets the Sertoli cell lineage. This was demonstrated by mating Amhr2 tm3(cre)Bhr mice to the Gt(ROSA)26Sor tm1Sho reporter strain, which is designed to drive GLB1 expression in all cell types with Cre activity [24] . Results showed robust GLB1 activity in Gt(ROSA)26Sor tm1Sho ;Amhr2 tm3(cre)Bhr/þ Leydig cells as previously described but also in Sertoli cells of adult mice (Fig. 1A) . Expression of both Cre and mutant Ctnnb1 mRNA derived from the recombined Ctnnb1 tm1Mmt allele was readily detectable by RT-PCR in testes from 5-day-old Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ mice (Fig. 1B) , indicating that Cre activity was maintained postnatally in the experimental animals. These results were consistent with the recent findings of Arango et al. [25] , who studied a mouse strain in which the LacZ transgene was inserted into the Amhr2 locus. In this model, b-galactosidase expression was weakly detected in the testis at 7 days and dramatically increased at 2 wk of age in the Sertoli cells [25] .
Mating experiments were performed as an initial screening for potential reproductive phenotypic anomalies in Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ mice. Four 6-wk-old male Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ and four age-matched male control Ctnnb1 tm1Mmt/þ mice were paired with 8-wk-old wildtype female mice for 6 mo. While all females housed with Ctnnb1 tm1Mmt/þ males produced regular litters (;1/mo), no litters were produced by those housed with Ctnnb1 tm1Mmt/þ ; Amhr2 tm3(cre)Bhr/þ males. Gross morphological assessment of the testes of Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ mice aged 1 mo or less showed them to be indistinguishable from those of their control (Ctnnb1 tm1Mmt/þ ) counterparts. However, after the fifth week, a progressive atrophy of the testes was detected in the Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ mice (Fig. 2) , with their testis weights being significantly smaller than controls by 2 mo of age (P , 0.05) and attaining ;20% of normal weight by 4 mo. At the histological level, testes of Ctnnb1 tm1Mmt/þ ; Amhr2 tm3(cre)Bhr/þ mice appeared normal at 3 wk of age (Fig.  3, A and B) . But by week 5, many seminiferous tubules showed clear signs of degeneration, as evidenced by the presence of vacuoles and lipid droplets (Fig. 3, C and K) . This WNT/CTNNB1 ACTIVATION CAUSES GERM CELL LOSS degenerative process began focally and was observed in up to 40% of tubules at week 5. Progressive atrophy of the tubules at all stages of the cycle was noted in older animals, leading to the absence of a tubular lumen and depletion of germ cells (Fig. 3 , E-H). Degeneration of elongated spermatids as well as progressive disorganization and loss of round spermatids, spermatocytes, and spermatogonia were also observed as early as week 5 and lead to the apparent loss of all germ cells at 16 wk (Fig. 3, C-H) . The loss of germ cells was confirmed by immunohistochemical analysis of GCNA1 expression, which showed them to be essentially absent by 16 wk of age (Fig. 4) .
Oddly, rare seminiferous tubules in some Ctnnb1 tm1Mmt/þ ; Amhr2 tm3(cre)Bhr/þ animals were found to be partially occluded with a bone-like substance (Fig. 3I) , perhaps indicative of the same osseous metaplasia phenotype that occurs in the ovaries of Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ females [26] . At 16 wk of age, some seminiferous tubules also featured multilayered, focal accumulations of cells with long, ovoid nuclei; such cells were stacked on top of each other and situated on the basement membrane within the tubule and were not readily identifiable as either germ or Sertoli cells (Fig. 3J) . Degeneration of the seminiferous tubules was accompanied by an apparent hyperplasia of the testicular interstitial cells, which became particularly evident in older Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ mice (Fig. 3, C-H) , and interstitial fibrosis and mineralization of the interstitial tissue was occasionally observed (Fig. 3E) .
Lipid droplets were present at all stages of the cycle, unlike the situation noted in control mice, and at times such lipid droplets were abundant throughout the epithelium, compatible with massive degeneration of germ cells (Fig. 3K ). In addition, large, multinucleated germ cell symplasts were often observed, suggesting an abnormal maintenance of the intercellular bridges between developing germ cells (Fig. 3K ).
Cre-mediated Recombination Is Undetectable and Testosterone Production Is Unaffected in Ctnnb1
tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ Leydig Cells
As WNT/CTNNB1 activity may regulate testicular steroidogenesis [17] and the apparent hyperplasia of the interstitial cell compartment in Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ testes suggested a likely increase in Leydig cell numbers, we determined if testosterone production was altered in Ctnnb1 tm1Mmt/þ ; Amhr2 tm3(cre)Bhr/þ mice. Results showed no statistically significant differences in serum testosterone levels between adult Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ and Ctnnb1 tm1Mmt/þ mice between the ages of 2 and 8 mo (Fig. 5A) . As a typically high degree of variance in testosterone levels was obtained within experimental groups, testicular testosterone levels were also assessed from testicular homogenates at 3 mo of age, but these also revealed no significant differences between Ctnnb1 tm1Mmt/þ ; Amhr2 tm3(cre)Bhr/þ and Ctnnb1 tm1Mmt/þ animals (31. 
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evaluate the efficiency of Cre-mediated recombination in Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ Leydig cells. Indirect immunofluorescence microscopy analysis of CTNNB1 expression in Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ testes revealed a lack of the expected CTNNB1 increase in Leydig cells, with levels being comparable to Ctnnb1 tm1Mmt/þ controls (Fig. 5, B and C) . Conversely, cytoplasmic accumulation of CTNNB1 caused by recombination of the Ctnnb1 tm1Mmt allele was readily apparent in Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ Sertoli cells, contrasting noticeably with controls in which its expression was confined to the basal compartment (Fig. 5, B and C) . To confirm lack of genetic recombination in Ctnnb1 tm1Mmt/þ ; Amhr2 tm3(cre)Bhr/þ Leydig cells, flow cytometry was used to separate Leydig cells from all other cell types using the steroidogenic cell marker CYP17A1. Isolated CYP17A1-positive (i.e., Leydig) and CYP17A1-negative cells were assessed for recombination of the Ctnnb1 tm1Mmt allele by RT-PCR, and results clearly showed absence or near-complete absence of mRNA derived from the recombined Ctnnb1 tm1Mmt allele in Leydig cells, while the CYP17A1-negative cell population showed the presence of abundant mutant Ctnnb1 mRNA (Fig. 5D) .
Collectively, these results demonstrate that no genetic or functional alterations were detectable in Ctnnb1 tm1Mmt/þ ; Amhr2 tm3(cre)Bhr/þ Leydig cells.
Histological examination of adult Ctnnb1 tm1Mmt/ þ ; Amhr2 tm3(cre)Bhr/þ testes revealed an apparent hyperplasia of the interstitial cells (Fig. 3) . This was confirmed quantitatively by FACS analysis of CYP17A1-positive cells, which were ;2.3-fold more abundant (P , 0.05) in the testes of 3-mo-old Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ mice than in those from agematched controls (Fig. 6, A and B) . This hyperplasia appeared to be caused by an increased rate of Leydig cell proliferation in Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ testes, as evidenced by immunohistochemistry experiments showing a qualitatively larger proportion of cells that incorporated BrdU during mitotic DNA replication (Fig. 6, C and D) . However, while these data clearly demonstrated an increase in the Ctnnb1 tm1Mmt/þ ; Amhr2 tm3(cre)Bhr/þ Leydig cell population, our inability to detect genetic recombination of the floxed Ctnnb1 allele in Leydig cells suggested that this effect was somehow secondary to the other testicular phenotypes.
Altered Morphology and Gene Expression in
Light and electron microscopy analyses of adult Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ Sertoli cells revealed several striking anomalies, including the displacement of many Sertoli cell nuclei from the base of the cell (Fig. 7, A and B) . Organelles of the Sertoli cell such as the Golgi apparatus, endoplasmic reticulum, and lysosomes were no longer prominent in these mice as compared to controls (Fig. 7C ). An additional cell population was commonly found in the seminiferous tubules of older animals at ages when germ cells were not detectable by GCNA staining. These cells featured small, round to ovoid, lobulated, dark nuclei with an abundant perinuclear heterochromatin and a smaller and darker cytoplasm (Fig. 7, A and C) . Their morphological characteristics were suggestive of immature Sertoli cells [27] . It was therefore decided to evaluate the expression of AMH as a marker of 
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Sertoli cell maturation. AMH expression in mouse Sertoli cells normally decreases during differentiation in the weeks after birth and is very low in adult testes [28] . Abundant AMH expression was detected by immunoflurescence microscopy in many seminiferous tubules of the testes from adult Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ mice but was essentially undetectable in Ctnnb1 tm1Mmt/þ controls (Fig. 8, A and B) . Testis AMH expression was also studied by Western blotting, which showed higher expression in testes from Ctnnb1 tm1Mmt/þ ; Amhr2 tm3(cre)Bhr/þ mice (Fig. 8C) . Collectively, these observations indicate that many Ctnnb1 tm1Mmt/þ ;Amhr2
Sertoli cells exhibit morphological and gene expression characteristics of incompletely differentiated Sertoli cells in a manner coincident with germ cell loss.
Further analyses of the cell population that formed stacked foci within the Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ seminiferous tubules (Fig. 3J) were also undertaken. These were found to express abundant CTNNB1 and the gonadal somatic cell marker WT1 but not GCNA1, indicating that they were somatic cells that shared a common lineage with Sertoli cells (Fig. 9, A-C) . However, they could not be clearly identified on the basis of their morphology (Fig. 9D) . Few of these cells were positive for BrDU incorporation (data not shown), indicating that they proliferated slowly, consistent with the apparently self-limiting size of the foci found in older animals.
DISCUSSION
Whereas several descriptive reports have shown the expression of WNTs and WNT/CTNNB1 signaling pathway components in the testis [10] [11] [12] [13] [14] [15] , little is known of their postnatal physiological functions. In this study, we report for the first time that activation of the WNT/CTNNB1 pathway in Sertoli cells results in the loss of their capacity to maintain spermatogenesis. This provides the first functional evidence of the importance of WNT/CTNNB1 signaling in the Sertoli cells of the postnatal testis. Further work will be required to elucidate the mechanisms involved in germ cell loss in Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ mice and to identify more precisely the Sertoli cell processes that are regulated by CTNNB1. One interesting possibility involves the wellestablished function of WNT signaling in the maintenance and regulation of various stem cell niches, the microenvironments in which stem cells are housed, and their proliferation and self-renewal are controlled [31, 32] . The Sertoli cell provides the stem cell niche required for the maintenance of spermatogonial stem cells and regulates spermatogonial stem cell renewal and differentiation notably by the secretion of signaling molecules such as glial cell line-derived neurotrophic factor and kit ligand [33] . Interestingly, Sertoli cell expression of the transcription factor ETS variant gene 5 (ETV5, also known as ERM) has recently been shown to be required for the proper function of the spermatogonial stem cell niche, and Etv5 À/À mice develop a progressive germ cell depletion phenotype strikingly similar to that which we have observed in Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ mice [34] . ETV5 has previously been shown to synergize with CTNNB1 transcriptional complexes to enhance target gene transcriptional activity in several cell types [35, 36] , raising the possibility that Sertoli cell WNT/CTNNB1 signaling could be involved in regulating the spermatogonial stem cell niche, conceivably in part by modulating the activity of ETV5 transcriptional complexes. Ongoing experiments in our laboratory will test these hypotheses as well as investigate other possible functions of WNT/CTNNB1 signaling in regulating processes such as Sertoli cell-germ cell interactions and/or the junctional complexes between Sertoli cells.
Sertoli cell-only syndrome (SCOS) is a common finding in testicular biopsies of infertile men and is usually linked to hypogonadism, complete or incomplete cryptorchidism, estro- tm1Mmt/þ (control) mice (last two lanes). Densitometry analyses showed ;8-fold higher expression of AMH in Ctnnb1 tm1Mmt/þ ; Amhr2 tm3(cre)Bhr/þ mice relative to controls following normalization with b-actin. Despite the use of reducing electrophoretic conditions, AMH was detected mainly as the 24-kDa nonreduced dimer form [29, 30] . 482 gen treatment, or Del Castillo's syndrome [37] [38] [39] . Although differing in some ways, all these problems are associated with a mosaic pattern of Sertoli cell differentiation in the adult testis that accompanies spermatogenic arrest at the level of spermatogonia or complete loss of germ cells. Whether the presence of immature Sertoli cells in the seminiferous tubules of SCOS patients represents a persistence of immature Sertoli cells or a putative ''dedifferentiation'' of mature Sertoli cells remains controversial [40] . Loss of Sertoli cell differentiation in SCOS testes is often accompanied by the expression of markers of immature Sertoli cells, including AMH [40] [41] [42] . Therefore, in many regards, the testicular phenotype that we have observed in Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ animals closely resembles what is found in some cases of SCOS. This raises the possibility that some forms of SCOS could be linked to dysregulated WNT/CTNNB1 signaling. Evaluation of WNT/CTNNB1 signaling activity in SCOS testes will be required to test this hypothesis. Further studies using the Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ model could also help to determine if the immature Sertoli cells found in SCOS patients result from the persistence of immature Sertoli cells or from a dedifferentiation of a mature Sertoli cell population.
Although we intended to increase WNT/CTNNB1 activity in the Leydig cell population in the Ctnnb1 tm1Mmt/þ ; Amhr2 tm3(cre)Bhr/þ model, our results clearly showed an absence of Cre-mediated recombination of the Ctnnb1 tm1Mmt allele in Leydig cells. This was surprising considering that the Amhr2 tm3(cre)Bhr allele has been previously used to drive robust recombination in Leydig cells [23] . It therefore seems unlikely that our inability to target the Leydig cell population could be attributed simply to inadequate Cre activity. It is possible that the relatively low transcriptional activity of the Ctnnb1 gene in Leydig cells results in a chromatin configuration that is not readily accessible to Cre recombinase. Alternatively, the observed lack of recombination could be explained by early apoptosis or cell cycle arrest of the Leydig cells expressing the stable form of CTNNB1. Indeed, several groups have reported that CTNNB1 is involved in cell cycle regulation and apoptosis. In Drosophila, a role for armadillo (CTNNB1) signaling was suggested in the induction of apoptosis and G2/M arrest during retinal and wing development [43, 44] . In mammalian cell culture models it was also demonstrated that overexpression of stable CTNNB1 induces apoptosis independently of G1/S regulators in a variety of cell lines [45] . In S phase-synchronized epithelial cells, overexpression of a mutant stable form of CTNNB1 or blockage of endogenous CTNNB1 degradation by lithium treatment causes cell cycle arrest in G2/M and induces apoptosis [46] . Similar processes could explain the lack of Leydig cells expressing the recombined allele in Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ testes, and any Leydig cell in which recombination occurs would be rapidly replaced by proliferation of interstitial progenitor cells. Consistent with this idea, BrDU incorporation appeared higher in the interstitial cell population, which would be compatible with a higher rate of turnover of the Leydig cells. It remains unclear, however, why Leydig cell hyperplasia was observed. This observation is not unique to our model, as hyperplasia of the Leydig cell population is often seen in cases of testis degeneration syndrome or SCOS in humans [47, 48] as well as in animal models [49, 50] . One possibility is that this is a consequence of altered paracrine and/or endocrine signaling caused by defective Sertoli cell function and germ cell loss, leading to altered Leydig cell proliferation.
The multilayered stacked cell foci that accumulated in some seminiferous tubules were another interesting feature of the Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ model. These cells did not express GCNA and did not resemble germ cells but strongly expressed CTNNB1 and WT1, indicating that they are from a somatic lineage. However, they appeared even less differentiated than the putative immature Sertoli population identified in Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ adults and proliferated so as to form multilayered foci, making them essentially unidentifiable as Sertoli cells at the morphological level. Since Wt1 is expressed during embryogenesis in the bipotential somatic cell WNT/CTNNB1 ACTIVATION CAUSES GERM CELL LOSS lineage that can give rise to both Sertoli and granulosa cells [51] , we propose that they could represent undifferentiated Sertoli cells or perhaps even primitive somatic cells uncommitted to the Sertoli cell lineage. Interestingly, in ovaries of Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ mice, misregulated expression of WNT/CTNNB1 causes the formation of foci of poorly differentiated, slowly proliferating granulosa cells [52] . Because these granulosa cell foci evolve into granulosa cell tumors later in the lives of Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ females, they have been characterized as premalignant lesions [52] . In many regards, the cell foci that we observe in Ctnnb1 tm1Mmt/þ ; Amhr2 tm3(cre)Bhr/þ seminiferous tubules would seem analogous to the ovarian premalignant lesions; however, we never observed Sertoli cell tumors or any other sex-cord stromal tumors. In this study, no Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ animals were kept beyond 8 mo of age, so we cannot exclude the possibility that such tumors would have developed later in life. Indeed, Sertoli cell tumors are considered to be slowgrowing neoplasms, with mitotic figures being rarely seen and proliferation markers being expressed in few cells [53] . In summary, this study reports a novel role for WNT/ CTNNB1 signaling in Sertoli cell physiology. Accumulation of a stabilized form of CTNNB1 in Sertoli cells interferes with their capacity to support spermatogenesis and results in the progressive loss of germ cells. The adult phenotype of the Ctnnb1 tm1Mmt/þ ;Amhr2 tm3(cre)Bhr/þ testes is reminiscent of some cases of SCOS in infertile men.
